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Several types of drugs currently used in clinical practice were screened in vitro for their potentiation of the
antifungal effect of the fungistatic agent fluconazole (FLC) on Candida albicans. These drugs included inhib-
itors of multidrug efflux transporters, antimicrobial agents, antifungal agents, and membrane-active com-
pounds with no antimicrobial activity, such as antiarrhythmic agents, proton pump inhibitors, and platelet
aggregation inhibitors. Among the drugs tested in an agar disk diffusion assay, cyclosporine (Cy), which had
no intrinsic antifungal activity, showed a potent antifungal effect in combination with FLC. In a checkerboard
microtiter plate format, however, it was observed that the MIC of FLC, as classically defined by the NCCLS
recommendations, was unchanged when FLC and Cy were combined. Nevertheless, if a different reading
endpoint corresponding to the minimal fungicidal concentration needed to decrease viable counts by at least
3 logs in comparison to the growth control was chosen, the combination was synergistic (fractional inhibitory
concentration index of <1). This endpoint fitted to the definition of MIC-0 (optically clear wells) and reflected
the absence of the trailing effect, which is the result of a residual growth at FLC concentrations greater than
the MIC. The MIC-0 values of FLC and Cy tested alone in C. albicans were >32 and >10 pg/ml, respectively,
and decreased to 0.5 and 0.625 pg/ml when the two drugs were combined. The combination of 0.625 pg of Cy
per ml with supra-MICs of FLC resulted in a potent antifungal effect in time-kill curve experiments. This effect
was fungicidal or fungistatic, depending on the C. albicans strain used. Since the Cy concentration effective in
vitro is achievable in vivo, the combination of this agent with FLC represents an attractive perspective for the

development of new management strategies for candidiasis.

Candida infections represent an increasing challenge for cli-
nicians. The epidemiology of the last decade shows that these
infections are continuously increasing (1), owing to more ag-
gressive management of medical and surgical cases. Flucon-
azole (FLC) has been shown to be as effective as amphotericin
B in the treatment of candidemia in non-neutropenic patients
(35). Since amphotericin B is toxic in its conventional form and
very expensive in its new lipidic forms, azole antifungal agents
are currently used as first-line drugs (6, 11). Nevertheless, the
emergence of Candida albicans strains with decreased suscep-
tibility to FLC and the epidemiologic shift to other Candida
species complicate the management of these infections (5, 28,
45). Among azole antifungal agents, FLC offers several advan-
tages, such as an excellent oral bioavailability, a stable paren-
teral formulation, and minimal drug interactions. However,
FLC, like the other azole derivatives, is only fungistatic. Its
efficacy relies on the function of the cellular host defenses (10)
and is limited in cases of profound neutropenia (4, 6) or by
severe depletion of CD4 cells (36). Thus, the potentiation of
the antifungal effect of FLC by its combination with partner
drugs would be very useful. The classical strategy against se-
vere or resistant bacterial infections has been the combination
of different classes of antimicrobial agents. By analogy, the
combination of azole derivatives with other antifungal or anti-
microbial agents could represent a possible approach. Sugar et
al. (43) described an increased antifungal effect in vivo when
combining FLC with quinolone antibiotics. Interestingly this
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combination was ineffective in vitro, and the mechanisms un-
derlying this important observation have yet to be elucidated.

The recent discovery of drug-efflux-mediated resistance
mechanisms in yeasts opens up a new therapeutic concept. In
the last few years, it has been recognized that C. albicans
expresses multidrug efflux transporter (MET) genes belonging
to two different classes, the ATP-binding-cassette transporters
and the major facilitators. METs mediate the efflux of a broad
range of compounds, including FLC. Different MET genes
have been identified in C. albicans (CDRI, CDR2, CaMDRI,
and FLUI). The basal expression of these genes and their
targeted deletion determine the level of azole susceptibility
(37). The upregulation of some of these genes, particularly
CDRI, CDR2, and CaMDRI, results in a decrease of the in-
tracellular level of FLC in azole-resistant cells (38, 39).

In mammalian cells, similar efflux mechanisms have been
described. In particular, the upregulation of P glycoproteins,
which belong to METs of the ABC superfamily, is a charac-
teristic of cancer cells resistant to cytotoxic agents. Several
authors have reported the inhibition of these proteins with
different classes of drugs in multiresistant cancer cells (32).
Promising experimental results found a partial confirmation in
clinical trials in the treatment of different types of solid tumors
(25, 44) and hematologic malignancies (17, 19, 20, 41, 42). A
similar experimental principle had already been investigated to
reverse the chloroquine resistance in Plasmodium falciparum
(3) or the resistance to quinolone antibiotics in Staphylococcus
aureus (15). The rationale of the combination of FLC with
inhibitors of mammalian METSs currently used in clinical prac-
tice against FLC-susceptible C. albicans was based on the
strong evolutionary structural conservation of these trans-
porter proteins (13). The present study sought to investigate
the effectiveness of several combinations of FLC with MET
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inhibitors, antifungal drugs, and antimicrobial agents and with
nonantimicrobial membrane-active compounds, such as anti-
arrhythmic agents, proton pump inhibitors, and platelet aggre-
gation inhibitors. We show here that some of these compounds
shows potent antifungal effects when used in combination with
FLC.

MATERIALS AND METHODS

Strains and media. The following C. albicans strains were used in this study:
the clinical isolate 731 originating from the collection of the University Hospital
of Lausanne, the laboratory strain CAF2-1 (8), and the reference strain ATCC
90028. The strains were maintained at 4°C on Sabouraud dextrose agar plates
and subcultured twice at 35°C before each experiment to ensure viability and
purity. Liquid cultures were performed in Sabouraud medium (Diagnostics Pas-
teur, Marnes La Coquette, France). Sabouraud dextrose with 2% agar (Difco
Laboratories, Basel, Switzerland) was used to conserve and subculture the test
strains and for colony counting studies. YEPD agar consisting of 0.5% yeast
extract (Difco), 0.5% peptone (Difco), 2% glucose, and 2% agar (Difco) was
used for agar disk diffusion testing.

Drug susceptibility testing by disk diffusion assay. To allow the rapid screen-
ing of a large number of compounds for their intrinsic antifungal activity and for
their antifungal activity in combination with FLC, an agar diffusion method was
chosen. A single colony of the strain to be tested was grown overnight in
Sabouraud liquid medium in a rotary shaker (200 rpm) at 35°C. The inoculum
was prepared by diluting the overnight culture with 0.9% NaCl to a 0.5 McFar-
land standard at a 530-nm wavelength (Densimat; Biomérieux, Marcy I’Etoile,
France). This optical density corresponded to 1 X 10° to 5 X 10° CFU/ml. The
yeast suspension was applied onto YEPD agar plates using cotton swabs. To test
the antifungal activity of each combination of partner drugs and FLC, cellulose
disks (Sensi Disc; Becton-Dickinson Europe, Meylan Cedex, France) impreg-
nated with 1, 10, and 100 ng of the solubilized drugs and the control disk
impregnated with the corresponding solvent were placed onto YEPD agar plates
containing supra-MICs of FLC (25 pg/ml for C. albicans 731 and ATCC 90028
and 20 pg/ml for C. albicans CAF2-1). To assess the intrinsic antifungal activity
of the partner drugs, the disks were placed onto plain YEPD agar plates. After
48 h of incubation at 35°C, the horizontal and vertical diameters of the growth
inhibition areas were recorded and averaged. The assays were performed in
duplicate. On the basis of the lowest partner drug amount resulting in growth
inhibition, an antifungal index, calculated as the mean diameter of the corre-
sponding growth inhibition zone (in millimeters)/the minimal drug amount re-
sulting in growth inhibition (in micrograms), was determined for each tested
drug, either alone or combined with FLC. The antifungal activity was expressed
semiquantitatively with the following cutoff values: low, <1 mm/ug; intermedi-
ate, =1 to <10 mm/ng; and high, =10 mm/pg. This screening allowed the
selection of a restricted number of drug combinations with intermediate or high
antifungal activities that were studied further.

MIC testing. MIC testing was performed according to the NCCLS approved
standard M27-A for the reference method for broth dilution antifungal suscep-
tibility testing of yeasts (27). To test the MIC of amphotericin B, RPMI was
compared to Antibiotic Medium 3 (Difco) supplemented with 2% glucose. C.
albicans ATCC 90028 was used in both liquid media as a quality control strain.
The MICs of the reference strain were in the expected range for both FLC (0.25
to 1.0 pg/ml) and amphotericin B (0.5 to 2.0 pg/ml) when tested in RPMI.
However, the MIC of amphotericin B tested in ABM 3, was repeatedly eightfold
lower, i.e., 0.0625 pg/ml. This finding was verified comparing micro- and mac-
robroth dilution testing results and using different batches of broth medium and
of amphotericin B. Furthermore, external laboratory controls confirmed these
MIC values. Since ABM 3 was used for the time-kill curves, the corresponding
MICs were also reported.

Checkerboard microtiter plate testing. To characterize and quantify the anti-
fungal activity of FLC, partner drugs, and their combinations, the compounds
selected by agar disk diffusion were tested in a checkerboard microtiter plate
format (Costar 96-well polystyrene cell culture cluster with flat bottom; Corning
Inc., Corning, N.Y.). All experiments were performed according to NCCLS
approved standard M27-A (28). RPMI 1640 with L-glutamine without bicarbon-
ate (Difco) was used as broth medium buffered with 0.165 M MOPS (morpholine
propanesulfonic acid; Fluka, Basel, Switzerland). The inoculum was prepared by
adjusting the optical density of an overnight culture to the 0.5 McFarland stan-
dard at 530 nm. The obtained suspension of 1 X 10° to 5 X 10° CFU/ml was
further diluted in the broth medium to a final inoculum ranging between 0.5 X
103 and 2.5 X 10° CFU/ml. The viable counts of each inoculum were verified by
subcultures of a volume of 100 pl in serial dilutions on Sabouraud agar plates.
The stock solution of FLC (2 mg/ml) was prepared and further diluted in RPMI.
FLC was tested by using twofold dilutions at concentrations ranging from 0.03 to
32 pg/ml. The stock solutions of chlorpromazine, fluphenazine, amitriptyline,
and clomipramine (5 mg/ml) were also prepared and further diluted in RPMIL.
These compounds were tested by using fourfold dilutions at concentrations
ranging from 0.025 to 100 pg/ml. Cyclosporine (Cy) and FK506 were tested by
fourfold dilutions at concentrations ranging from 0.01 to 10 pg/ml. These drugs
were solubilized in 100% dimethyl sulfoxide (DMSO) to constitute a stock
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solution (1 mg/ml) that was further diluted in the broth medium. To test a
concentration of Cy and FK506 of 10 pg/ml, a final DMSO concentration of 1%
(vol/vol) was needed. Preliminary studies showed that DMSO has a toxic activity
against C. albicans at concentrations higher than 8% (vol/vol) when used alone
and higher than 4% (vol/vol) when combined with supra-MICs of FLC. The
incubation lasted 48 h at 35°C. The MIC endpoint was defined as the lowest FLC
concentration at which a prominent decrease in turbidity (score of 2 according to
the NCCLS guidelines) was observed. This corresponded spectrophotometrically
to an optical density of =50% of that of the growth control measured at 540 nm
in a microplate reader (Microplate Reader 3550-UV; Bio-Rad) and to a growth
inhibition of >90% (>1 log) when the viable counts were compared to those of
the growth control. To characterize the interaction of each combination tested,
the fractional inhibitory concentrations (FICs) of each drug tested and their sum,
the so-called FIC index (2), were calculated on the basis of the MIC endpoint. As
classically defined, an FIC index of <1 is expression of a drug synergism, whereas
an FIC index of >1 represents an antagonism. The so-called trailing, the residual
turbidity observed at supra-MICs of FLC, indicates an incomplete inhibition of
growth. It corresponds spectrophotometrically to an optical density of between 5
and 50% of that of the growth control. CFU were counted in wells with or
without this residual turbidity by subculturing 100 wl of their contents in serial
dilutions (1071, 1072, 1073, and 10~°) on Sabouraud agar plates. The dilution
1072 was added to detect drug carryover (33, 34). With a starting inoculum of
0.5 X 10° to 2.5 X 10° CFU/ml and a limit of detection for the subcultures of 10
CFU/ml, it was not possible to obtain a fungicidal effect, as classically defined by
a >99.9% (>3-log) decrease in the viable counts of the starting inoculum. The
minimal fungicidal concentration could therefore not be used as an endpoint in
this experimental setting. However, the observed absence of trailing made it
possible to use the MIC-0 (i.e., optically clear wells corresponding to a score of
0 according to the NCCLS guidelines) as an endpoint. This corresponded to the
antifungal concentration needed to decrease the optical density by >95% and
growth expressed in viable counts by >99.9% (>3 logs), when these parameters
were compared to those of the growth control after 48 h of incubation. Thus, the
MIC-0 reflected the expression of a powerful fungistatic effect. Based on this
different endpoint, FICs and the FIC index were recalculated for each drug
combination. Each experiment was performed in triplicate, and the results were
reported as mean values.

Time-kill curves. An inoculum of 0.5 X 10% to 2.5 X 10* CFU/ml of C. albicans
731, CAF2-1, and ATCC 90028 was used in a macrobroth dilution under exper-
imental conditions identical to those described for the checkerboard microtiter
plate testing. The effect on viable counts of in vivo achievable concentrations of
FLC (10 pg/ml), Cy (0.625 pg/ml), and their combination (10 and 0.625 pg/ml)
after 12, 24, and 48 h of incubation was studied. For this purpose, 100 .l of the
content of each test tube was subcultured in serial dilutions (10~!, 1072, 1073,
and 10~°) on Sabouraud dextrose agar plates. A fungicidal effect was defined as
a >99.9% (>3-log) decrease of the viable counts of the starting inoculum (24).
However, for a limit of detection of 10 CFU/ml, the criteria for a fungicidal
effect could not be fulfilled using a starting inoculum of 0.5 X 103 to 2.5 X 10°
CFU/ml. Confirmatory experiments were therefore performed with a starting
inoculum of 0.5 X 10° to 2.5 X 10° CFU/ml of the laboratory strain CAF2-1.
Each experiment was performed in triplicate, and the results were reported as
mean values. Each experiment included as control the time-kill curve of ampho-
tericin B at a concentration of 0.5 wg/ml under the same experimental conditions,
except the antibiotic medium 3 supplemented with 2% glucose was used instead
of RPMIL.

Chemicals and drugs. Nonantimicrobial inhibitors of mammalian METs were
as follows: chlorpromazine-hydrochloride (Sigma, Buchs, Switzerland), haloper-
idol-decanoate (Janssen-Cilag, Baar, Switzerland), penfluridol (Janssen-Cilag),
fluphenazine-dihydrochloride (Sigma), cyproheptadine-hydrochloride (Merck
Sharp & Dohme-Chibret, Glattbrugg, Switzerland), amitriptyline-hydrochloride
(Sigma), clomipramine-hydrochloride (Sigma), cyclosporine (Sigma), FK506
(kindly provided by Fujisawa, Tokyo, Japan), PSC833 (kindly provided by No-
vartis Pharma, Basel, Switzerland), reserpine (Sigma), verapamil-hydrochloride
(kindly provided by Knoll, Liestal, Switzerland), and loperamide-hydrochloride
(Janssen-Cilag). Nonantimicrobial membrane-active compounds were as follows:
lidocaine-hydrochloride (Sintetica, Mendrisio, Switzerland), amiodarone-hydro-
chloride (Sigma), omeprazole-Na (Astra, Dietikon, Switzerland), and dipyrid-
amole (Boehringer Ingelheim, Basel, Switzerland). Antimicrobial agents were as
follows: amoxicillin-Na plus clavulanate K (SmithKline-Beecham, Thoérishaus,
Switzerland), cefamandole-nafate (Eli Lilly, Vernier, Switzerland), meropenem-
trihydrate (Zeneca, Luzern, Switzerland), sulfamethoxazole plus trimethoprim
(Roche, Basel, Switzerland), vancomycin-hydrochloride (Eli Lilly), levofloxacin
(Hoechst Marion Roussel, Ziirich, Switzerland), norfloxacin (kindly provided by
Merck Sharp & Dohme-Chibret), sparfloxacin (kindly provided by Rhone-Pou-
lenc Rorer, Thalwil, Switzerland), trovafloxacin (Pfizer, Ziirich, Switzerland),
ciprofloxacin-hydrochloride monohydrate (Bayer, Ziirich, Switzerland), erythro-
mycin-lactobionate (Abbott, Cham, Switzerland), clarithromycin-lactobionate
(Abbott), metronidazole (Rhone-Poulenc Rorer, Thalwil, Switzerland), clinda-
mycin-2-phosphate (Pharmacia & Upjohn, Diibendorf, Switzerland), amikacin-
sulfate (Bristol-Myers Squibb, Baar, Switzerland), streptomycin-sulfate (Sigma),
doxycycline-hyclate (Pfizer), chloramphenicol (Sigma), rifampin-Na (Novartis
Pharma, Basel, Switzerland), fusidic acid-Na (Leo, Ziirich, Switzerland), specti-
nomycin-dihydrochloride (Pharmacia & Upjohn), spiramycin (kindly provided
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FIG. 1. Agar disk diffusion assay testing the combination of FLC with the partner drugs Cy and fluphenazine in C. albicans 731. (Upper panel) Combination of FLC
with Cy. (Lower panel) Combination of FLC with fluphenazine. C. albicans 731 (FLC MIC of 0.5 pg/ml) was applied onto plain YEPD agar (left plates) and YEPD
agar containing a supra-MIC of FLC (right plates). Disks impregnated with 0.1, 1, and 10 pg of Cy or with 10, 100, and 200 pg of fluphenazine and control disks (C)
impregnated with the corresponding solvents were placed onto the inoculated agar plates. Cy alone had no antifungal activity (left upper plate), whereas fluphenazine
showed a weak intrinsic antifungal activity (left lower plate). The combination of Cy with a supra-MIC of FLC poured into the agar (25 pg/ml) resulted in a powerful
antifungal activity (right upper plate). The antifungal activity of fluphenazine was also increased, but to a lesser extent, when this compound was combined with FLC
(right lower plate). The replacement of YEPD by RPMI in agar gave similar results (data not shown).

by Rhone-Poulenc Rorer), p-cycloserine (Sigma), and quinine sulfate (Sigma).
Antifungal agents were as follows: FLC (kindly provided by Pfizer, Sandwich,
United Kingdom), terbinafine-hydrochloride (kindly provided by Novartis
Pharma), amorolfine-hydrochloride (kindly provided by Roche), amphotericin B
(kindly provided by Bristol-Myers Squibb, Paris, France), and flucytosine (kindly
provided by Roche). The following solvents were used to solubilize to dilute the
above-listed compounds: (i) DMSO (Sigma) for Cy, FK506, reserpine, PSC 833,
amphotericin B, spiramycin, norfloxacin, penfluridol, cyproheptadine-hydrochlo-
ride, loperamide-hydrochloride, and haloperidol-decanoate; (ii) Macrogolum
400 and citric acid, as delivered in the original package, for omeprazole-Na; (iii)
Macrogolum 600, tartaric acid, and HCI, as delivered in the original package, for
dipyridamole; and (iv) Na,HPO,, citric acid, and sodium-EDTA, as delivered in
the original package, for fusidic acid. All the other compounds were diluted in
H,0.

RESULTS

Agar disk diffusion testing. Several types of drugs, including
MET inhibitors, antimicrobials, antifungals, and membrane-
active compounds were tested for their potentiation of the
antifungal activity of FLC. Combinations of these drugs with
FLC were tested by an agar disk diffusion assay in which an
azole-susceptible C. albicans isolate (clinical strain 731) was
plated onto plain and FLC-containing YEPD agar plates. Cel-
lulose disks containing different amounts of the tested sub-
stances were disposed onto the inoculated plates and, after
incubation, the corresponding zones of growth inhibition were
recorded. To quantify the antifungal activities obtained with
these drugs alone and in combination with FLC, antifungal

indices were calculated. An increase or a decrease of the an-
tifungal index of a given drug when it was tested in combina-
tion with FLC reflected a synergistic or antagonistic effect,
respectively. Representative results of these experiments are
shown in Fig. 1, where different amounts of Cy and fluphena-
zine were tested on plain and FLC-containing agar plates. On
FLC-free agar plates, Cy had no antifungal activity, whereas
fluphenazine showed a weak intrinsic antifungal activity, as
expressed by an antifungal index of 0.11 mm/pg. On FLC agar
plates, Cy exhibited a high antifungal activity (antifungal index
of 22 mm/pg), whereas the antifungal index of fluphenazine
increased only to 1.7 mm/ug, corresponding to an intermediate
antifungal activity. Table 1 summarizes the most significant
results of these experiments.

Among the other partner drugs belonging to the group of
MET inhibitors, FK506, which had, like Cy, no intrinsic anti-
fungal activity at the concentrations tested, exerted a powerful
antifungal activity in combination with FLC. As was the case
for fluphenazine, the drugs chlorpromazine, clomipramine,
and amitriptyline had weak intrinsic antifungal activities, with
indices ranging between 0.08 and 0.15 mm/ug. When these
compounds were combined with FLC, intermediate antifungal
activities, with indices ranging from 1.2 to 1.8 mm/pg, were
obtained. All of these findings were confirmed against the
laboratory isolate C. albicans CAF2-1 and the reference isolate
C. albicans ATCC 90028 (data not shown). The remaining
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TABLE 1. Agar disk diffusion testing: antifungal indices of the
partner compounds tested alone and in combination with FLC
against C. albicans 731¢
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TABLE 2. MIC results of checkerboard microtiter plate format
testing the combinations of FLC with partner compounds
against C. albicans 731

Antifungal index (mm/pg) of:

Partner compound

Partner compound Partner compound

alone® plus FLC*
Mammalian MET inhibitors
Cy 0 22
FK506 0 34
Chlorpromazine 0.15 1.2
Fluphenazine 0.11 1.7
Anmitriptyline 0.11 1.8
Clomipramine 0.08 1.5
Antifungal agents
Amorolfine 21 1.2
Flucytosine 1.7 1.7
Amphotericin B 0.8 0
Terbinafine 0 2.3

“FLC MIC = 0.5 pg/ml.

’ Disks impregnated with the partner compounds were tested on plain YEPD
agar.

¢ Disks impregnated with the partner compounds were tested on YEPD agar
containing a supra-MIC of FLC (25 pg/ml).

MET inhibitors listed in Materials and Methods had no intrin-
sic antifungal activity, and the antifungal activity of the com-
bination of these compounds with FLC was negligible (indices
of =0.2 mm/p.g).

As expected, the activities of the antifungals listed in Table
1 could be easily detected by the disk diffusion assay on FLC-
free medium, except for terbinafine. This compound had in this
system no intrinsic antifungal activity, and its combination with
FLC had an intermediate antifungal activity with an index of
2.3 mm/pg. The antifungal activity of flucytosine was interme-
diate (index of 1.7 mm/pg), and in combination with FLC its
behavior was neutral, leaving this activity unchanged. With an
index decrease from 21 to 1.2 mm/pg, amorolfine lost most of
its intrinsic antifungal activity when combined with FLC, sug-
gesting an important antagonism. Amphotericin B alone had in
this experimental setting a low intrinsic antifungal activity (in-
dex of 0.8 mm/png), and this weak activity was completely lost
when this agent was combined with FLC, also suggesting an
antagonism between the two drugs.

Antimicrobial agents and nonantimicrobial membrane-ac-
tive compounds had no intrinsic antifungal activities, and the
antifungal activities of the combination of these compounds
with FLC were negligible (antifungal indices of =<0.2 mm/p.g).
Cy, FK506, chlorpromazine, fluphenazine, clomipramine, and
amitriptyline were selected for further quantification studies
because of their remarkable antifungal activity in combination
with FLC. The screening of antifungals gave interesting pre-
liminary results with the combination of terbinafine and FLC,
but since antifungal combinations were not the principal focus
of the present work, their investigation were not pursued.

Checkerboard microtiter plate testing. The drugs selected
above had intrinsic MICs values in C. albicans 731 exceeding
largely their in vivo achievable concentrations (Table 2). FLC
MICs were tested in the presence of increasing concentrations
of the selected partner drugs. Surprisingly, the combination of
the immunosuppressive agents Cy or FK506 with FLC left the
MICs of FLC unchanged, i.e., at 0.5 pg/ml. MICs were even
increased by two- to eightfold when FLC was combined to
given concentrations of partner drugs such as the neuroleptic
agents chlorpromazine and fluphenazine or the tricyclic anti-

MIC (pg/ml) with:

Partner
Partner compound  pp 40 compound compound” FLC?
alone (intrinsic) combined with ~ (in combination)
FLC

None 0.5
Cy >10 0.625 0.5
FK506 >10 1.25 0.5
Fluphenazine >25 6.25 2
Chlorpromazine >100 25 2
Clomipramine >100 25 4
Anmitriptyline >100 25 1

“The MICs of the partner compounds listed were obtained when these drugs
were combined with FLC at concentrations of >0.5 pg/ml. All MICs were
decreased, and the corresponding FICs were <1.

® The MICs of FLC indicated were obtained in combination with the following
concentrations of the partner drugs: Cy, 0.625 pg/ml; FK506, 1.25 pg/ml; flu-
phenazine, 6.25 ng/ml; and chlorpromazine, clomipramine, and amitriptyline, 25
pg/ml. The MIC of FLC combined with Cy or FK506 was unchanged, and the
resulting FICs were equal to 1. When FLC was combined with the four Ca®*-
calmodulin antagonists, its MIC increased and the corresponding FICs were >1.
The FIC indices, resulting from the sum of the FICs of the listed partner
compounds and of the FLC, tested in combination, were all >1. Taking the MICs
as the endpoint, the different drug associations were therefore not synergistic.

depressants amitriptyline and clomipramine (Table 2). In con-
trast, the MICs of all tested partner drugs were decreased
when these compounds were combined with supra-MICs of
FLC. Nevertheless, taking the MICs as an endpoint, the FIC
indices of all the tested combinations were >1. There was
therefore no synergism, according to its classical microbiolog-
ical definition.

However, above a given minimal concentration, each of the
partner drugs tested eliminated the residual turbidity, the so-
called trailing, indicator of an incomplete growth inhibition at
supra-MICs of FLC when this agent was used alone. In the
microtiter plate shown in Fig. 2, one can observe that, at Cy
concentrations of >0.625 wg/ml, the wells containing supra-
MICs of FLC were optically clear and the corresponding re-
sidual growth was much less prominent than in Cy-free me-
dium. The plotting of FLC concentrations to optical densities
and viable counts measured in Cy-free medium and Cy-con-
taining medium confirmed this observation (Fig. 3 and 4).
After 48 h of incubation, a difference of only 1 log separated
the viable counts of the growth control from those in the
medium with supra-MICs of FLC alone, i.e., the wells where a
residual turbidity was observed (wells G1 to G7 in Fig. 2). With
a starting inoculum of 10* CFU/ml, increases of 3 and 4 logs in
viable counts were measured with and without FLC, respec-
tively. On the other hand, the elimination of the residual tur-
bidity in Cy-containing medium was associated with a powerful
fungistatic effect (wells C1 to C6 in Fig. 2): the viable counts
after 48 h of incubation were comparable to those of the
starting inoculum and were 3 logs lower compared to those in
Cy-free medium (Fig. 4).

These results were confirmed by testing the laboratory iso-
late C. albicans CAF2-1 (FLC MIC of 0.25 pg/ml). FLC alone
was only weakly fungistatic in this strain. After 48 h of incu-
bation, an inhibition of growth of only 1 log was obtained when
the viable counts were compared to those of the growth con-
trol. The combination of FLC with Cy at a concentration of
0.625 pg/ml reduced the viable counts by 2 logs compared to
those of the starting inoculum of 10> CFU/ml and reached the
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FIG. 2. Checkerboard microtiter plate assay testing the combination of FLC with Cy in C. albicans 731. The MIC of Cy was >10 pg/ml when the drug was tested
alone and decreased to 0.625 pg/ml in the presence of FLC concentrations of >0.5 pg/ml. The MIC of FLC, indicated by the thin arrow, was unchanged despite
increasing concentrations of Cy. However, Cy at concentrations of >0.625 wg/ml combined with an FLC supra-MIC (i.e., >0.5 pg/ml) eliminated the residual turbidity
(trailing) in the incubation wells. This observation made it possible to use a different endpoint, the MIC-0. The MIC-0 values of FLC and Cy are underlined in the
concentration scales. For the wells in rows C and G (shown by thick arrows), the FLC concentrations are plotted to the corresponding optical densities and viable counts

in Fig. 3 and 4.

limit of detection of 10" CFU/ml (Fig. 4). Killing of C. albicans
CAF2-1 had been therefore obtained by combining FLC with
Cy. However, the 3-log decrease in the viable counts of the
starting inoculum required by the definition of a fungicidal
effect was not reached with the inoculum used in this experi-

100 -
© Y FLC (Row G)
£ 80 ®  FLC+Cy 0.625 ng/ml
g (Row C)
(&)
'§ 60
2 ------ OD defining the MIC
O 40 1
L
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=] J
8 20
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og 04 TN YT OD treshold for trailing
L

0 05 1 32

T T

Fluconazole (ug/ml)

FIG. 3. Effect of the combination of FLC with Cy on the spectrophotometri-
cally measured growth of C. albicans 731. For the wells in rows G and C of the
microtiter plate shown in Fig. 2, the FLC concentrations are plotted to the
optical density (OD) values measured after 48 h of incubation. Row G was
Cy-free, and row C contained Cy at the concentration of 0.625 wg/ml. Mean OD
values of three separate experiments are shown.

mental setting. Nevertheless, the absence of residual growth
observed at supra-MIC concentrations of FLC in the presence
of Cy concentrations of >0.625 pg/ml made it possible to use
a different endpoint. This endpoint, the MIC-0, described very
well the antifungal effect of FLC in combination with partner
drugs. For example, the MIC-0 values of FLC and of Cy tested
alone in C. albicans were >32 and >10 pg/ml, respectively.
When the two drugs were tested in combination, the MIC-0
values of FLC and Cy were reduced to 0.5 and 0.625 pg/ml,
respectively (Table 3). Based on this different endpoint, the
recalculated FIC indices of all the combinations tested fit the
definition of synergism (Table 3). Since the minimal concen-
tration of partner drugs needed to eliminate trailing, i.e., to
obtain a synergism according to the MIC-0 endpoint, was
achievable in vivo only for Cy (i.e., 0.625 pg/ml), this com-
pound was retained for further time-kill curve studies.
Time-kill curves. The synergisms observed in the checker-
board microtiter plate testing combining FLC and Cy in C.
albicans 731 and CAF2-1 were confirmed in time-kill curves
experiments. As shown in Fig. 5, FLC alone had a weak fun-
gistatic effect on both strains that limited the increase in viable
counts at 48 h of incubation by 1 to 1.5 logs compared to those
of the drug-free growth control. As already mentioned above,
Cy alone had no antifungal activity at the concentration tested,
and therefore the viable counts at 48 h of incubation were
identical to those of the growth controls. In contrast, the com-
bination of FLC with Cy had in C. albicans 731 a potent
fungistatic activity which left the viable counts of the starting
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FIG. 4. Effect of the combination of FLC with Cy on the viability of the C. albicans strains 731 and CAF2-1. The combination of FLC and Cy was tested in C. albicans
731 (FLC MIC of 0.5 pg/ml) and CAF2-1 (FLC MIC of 0.25 pg/ml) in a checkerboard microtiter plate format. For the wells of row G (not containing FLC) and or
row C (containing Cy at the concentration of 0.625 pg/ml), the FLC concentrations are plotted against the viable counts after 48 h of incubation. Mean CFU values

of three separate experiments are shown.

inoculum unchanged at 10* CFU/ml after 48 h of incubation
(Fig. 5). The same combination in C. albicans CAF2-1 resulted
in a 2-log decrease in viable counts to the limit of detection
(10" CFU/ml) within 48 h of incubation (Fig. 5). The killing
effect observed in the checkerboard microtiter plate testing on
this strain was therefore confirmed. This striking finding was
confirmed in the reference strain ATCC 90028 (data not
shown). Amphotericin B was used as a control (in antibiotic
medium 3, the MICs of amphotericin B were 0.0625 pg/ml for
all the three strains tested) in all experiments. This drug in-
duced a decrease in viable counts of all the strains tested to the
limit of detection within 90 min of incubation (data not
shown). To verify whether the criteria required for a fungicidal
effect (decrease in viable counts of 3 logs compared to the
starting inoculum) were fulfilled, an inoculum of 10°> CFU of C.
albicans CAF2-1 per ml was tested. As shown in Fig. 6, a 4-log
decrease in the viable counts of the starting inoculum could be
observed after 48 h of incubation, thus demonstrating that the
combination of FLC and Cy was fungicidal. Amphotericin B
was fungicidal after 3 h in this experimental setting.

DISCUSSION

The recent discovery of MET-mediated active azole efflux in
C. albicans initiated the search for partner drugs which, by
interfering with this mechanism, could potentiate the antifun-
gal activity of FLC against this yeast. For this purpose, mam-

malian MET inhibitors with no antimicrobial activity currently
used in clinical practice were screened. Three other types of
compounds also currently used, i.e., antimicrobial and antifun-
gal agents and membrane-active compounds such as antiar-
rhythmic drugs, proton pump inhibitors, and platelet aggrega-
tion inhibitors were included in this screening. With agar disk
diffusion testing, a striking interaction between FLC and two
classes of mammalian MET inhibitors was identified. Combin-
ing FLC with the Ca**-calmodulin antagonists chlorpromazine
and fluphenazine (both neuroleptics) and clomipramine and
amitriptyline (both tricyclic antidepressants), which themselves
showed only a weak intrinsic antifungal activity, resulted in an
increased antifungal effect expressed by a newly defined anti-
fungal index. Yet the most significant results were observed
with the combination of FLC with the immunosuppressive
agents Cy and FK506. These drugs had no intrinsic antifungal
activity at the concentrations tested, but their interaction with
FLC resulted in an antifungal effect 10 to 20 times greater than
that observed with the combination of FLC with chlorproma-
zine or its other parent compounds. All other drugs screened
showed no or only a negligible interaction with FLC, with the
exception of the antifungal compound terbinafine, whose an-
tifungal index increased when this compound was combined
with FLC. The disk diffusion method used in this screening
procedure is subject to different limitations, in particular to
unpredictable differences in stability and diffusion properties
of the tested drugs, which could explain, for example, the weak

TABLE 3. MIC-0 of FLC and of the partner compounds used alone and in combination with the corresponding FICs and FIC indices”

FLC PC FIC index

PC MIC-0 (FLC alone  MIC-0 (FLC combined /. MIC-0 (PC alone  MIC-0 (PC combined . (FLC +
[ig/ml]) with PC [pg/ml]) e [pg/ml]) with FLC [pg/ml]) index PC)

Cy >32 0.5 0.016 >10 0.625 0.0625 0.0785
FK506 >32 0.5 0.016 >10 1.25 0.125 0.141

Fluphenazine >32 2 0.0625 >25 6.25 0.25 0.3125

Chlorpromazine >32 2 0.0625 >100 25 0.25 0.3125
Clomipramine >32 4 0.125 >100 25 0.25 0.375
Anmitriptyline >32 1 0.0313 >100 25 0.25 0.375

“ PC, partner compound.
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FIG. 5. Time-kill curves of C. albicans strains 731 and CAF2-1. The strains were exposed to in vivo-achievable concentrations of FLC and Cy using starting inocula
of 10° CFU/ml. CFU were determined after 12, 24, and 48 h of incubation. Mean CFU values of three separate experiments are shown.

intrinsic antifungal activity observed with amphotericin B and
with terbinafine. Therefore, the results presented in Table 1
should be carefully interpreted. Nevertheless, this test seemed
appropriate for the semiquantitative screening of a large num-
ber of compounds. After the selection of compounds with a
strong interaction with FLC, further studies were performed to
better characterize and quantify the antifungal activities of the
different combinations.

By checkerboard microtiter testing it was observed that su-
pra-MIC concentrations of FLC had only a weak fungistatic
effect, and this finding correlated well with the measured re-
sidual turbidity, the so-called trailing. All selected partner
drugs tested had at best a negligible intrinsic antifungal activ-
ity. Surprisingly, the MIC of FLC was unchanged when it was
combined with Cy or FK506 and was even increased when the
partner drug was chlorpromazine or its related compounds. On
the other hand, the MICs of the partner compounds were all
decreased when these drugs were combined with supra-MICs

108 -
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102 .
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101|'|'|'|-|-
0 12 24 36 48

Time (h)

FIG. 6. Time-kill curves of the C. albicans CAF2-1. Experimental conditions
were identical to those used in Fig. 5, except that a starting inoculum of 10°
CFU/ml was used. CAF2-1 was exposed to amphotericin B to compare the extent
and the timing of its killing effect to that of the combination of FLC and Cy.
Symbols: @, growth control; A, Cy (0.625 pg/ml); ¥, FLC (10 pg/ml); ¢, FLC (10
pg/ml) plus Cy (0.625 pg/ml); m, amphotericin B (0.5 pg/ml).

--------------------- Inoculum

CFU/ml

of FLC. Nevertheless, on the basis of the MICs and of the
resulting FIC indices, none of the tested combination was
synergistic, as classically defined. However, above a given min-
imal concentration, all of the tested partner drugs eliminated
completely the trailing effect when they were combined with
supra-MICs of FLC, leaving the contents of the corresponding
wells optically clear. A trailing inhibition in Candida spp. has
already been reported in other experimental settings. Marr et
al. (23) obtained a significant trailing decrease without influ-
ence on the MIC by adjusting the pH of the medium to <5.0.
Odds et al. (29) described an MIC reduction and an elimina-
tion of trailing caused by combining azoles with different an-
tibiotics inhibiting protein synthesis, such as doxycycline and
gentamicin. The reduction of trailing observed in the present
study was explained by a strain-dependent potent fungistatic or
fungicidal effect resulting from the combination of FLC with
partner drugs. Since this effect decreased the viable counts by
>99.9% (>3 logs) compared to those of the growth control, a
different endpoint, the MIC-0, was chosen. Upon recalculating
FICs and FIC indices according to this endpoint, we found all
of the combinations tested to be synergistic. Of all the partner
compounds tested, only Cy was effective at in vivo-achievable
concentrations, and it was therefore object of further studies.
These findings were confirmed by time-kill curves, which
showed a strain-dependent potent fungistatic or fungicidal ef-
fect on the three strains investigated. The combination re-
quired 48 h to be fungicidal, whereas amphotericin B was
fungicidal after 3 h of incubation. This striking and surprising
synergism of FLC with an immunosuppressive agent raises
questions about its underlying mechanisms. The difference of
efficacy of the combination of FLC with Cy observed in the
three FLC-susceptible isolates tested, i.e., fungistatic against C.
albicans 731 on the one hand and fungicidal against C. albicans
CAF2-1 and ATCC 90028 on the other hand, is still unex-
plained and may reflect different genetic backgrounds. The
tested strains had never been preexposed to FLC or Cy. It is
still not known if FLC and Cy are also synergistic in azole-
resistant C. albicans strains or in other yeast species, in partic-
ular in non-C. albicans and non-Candida species with de-
creased susceptibility to azoles. Although our preliminary data
show that a C. albicans strain with intermediate azole resis-
tance behaves as described for strain 731 in this study, more
work is needed to address this question.

The mechanisms of action of Cy are very complex (14) and,
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beside METs, there are other recognized molecular targets of
this compound, such as cyclophilins and calcineurin (9, 18, 21,
22). The inhibition of these targets may profoundly affect dif-
ferent steps of the yeast cell metabolism. Moreover, it has been
determined that Cy can alter the cell membrane architecture
and therefore its functional properties (12). Furthermore, it
has been shown that Cy has a toxic activity against different
parasites and fungi (16, 26, 30, 31, 40). Interestingly, in the
present experiments, Cy had no intrinsic antifungal activity at
the concentrations tested. Despite the potent fungistatic or
fungicidal effect obtained combining FLC with Cy, the MIC of
FLC, as classically defined, remained unchanged. Together
with the observation that the combination required 48 h to be
fungicidal, this suggested that the action of Cy on the C. albi-
cans cells is to some extent dependent on the slow effect of
supra-MICs of FLC on the synthesis of ergosterol constituting
the cell membrane. Cy may also interact directly with multi-
drug efflux transporters present in C. albicans and thus, by
inhibiting their activity, this drug could increase the suscepti-
bility of C. albicans to FLC. Although the close homologue of
Cy, FK506, is known to inhibit the function of multidrug trans-
porters of the ABC superfamily (7), it is not exactly established
whether Cy has the same effect on multidrug transporters in
yeasts. Clearly, the effect of Cy in combination with FLC needs
to be more closely investigated. For example, it has been
shown recently in a rat model of experimental endocarditis due
to C. albicans CAF2-1 that the FLC-Cy combination is also
fungicidal in vivo (O. Marchetti, J. M. Entenza, D. Sanglard, J.
Bille, M. P. Glauser, and P. Moreillon, Abstr. 38th Intersci.
Conf. Antimicrob. Agents Chemother., abstr. J-50, 1998). This
new concept of combining FLC, and perhaps other azoles as
well, with Cy or with its parent compounds lacking immuno-
suppressive activity (40) might open a new therapeutic ap-
proach for the management of fungal infections.
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